Acid phosphatases (EC 3.1.3.2) are widely distributed in nature and often occur in multiple forms differing in molecular sizes, localization within the cell, substrate specificity and sensitivity to inhibitors. 1) In animals its biological role is not yet clear but it is involved in many biological systems which are linked to energy metabolism, metabolic regulation and cellular signal transduction path ways.
Mammalian liver contains two acid phosphatase forms (molecular weight 90-107 kDa and 14-30 kDa) and these can be separated by gel chromatography on Sephadex G-75. [3] [4] [5] [6] The effects of inhibitors, substrates and kinetic parameters also distinguish between the enzymes. [7] [8] [9] The acid phosphatase (molecular weight 107 kDa) purified from human liver to homogeneity had been extensively characterized. 5, 8) The enzymes from liver of carp, catfish and frog had also been purified [10] [11] [12] and found to be glycoprotein in nature. Previously, low molecular weight acid phosphatases had been purified from human liver, 9, 13) bovine liver, 3, 14, 15) rat liver, 16, 17) porcine liver, 18) bovine heart, 19, 20) brain, 21) human placenta 22) and human erythrocytes. 23) In all cases, the enzymes had molecular weights ranging between 14-18 kDa.
Two distinct isoforms of low molecular weight acid phosphatase exist in rat liver (AcP1 and AcP2), human erythrocytes (B fast and B slow ) and human placenta (HCPTP-A and HCPTP-B) and these have also been isolated, characterized and sequenced. 17, 24, 25) The AcP1, B fast and HCPTP-A have been classified as IF-1 while AcP2, B slow , HCPTP-B, bovine heart PTPase and bovine liver PTPase as IF-2. IF-1 and IF-2 differ from each other in type specific sequence of the 40-73 regions, in substrate affinity and in the sensitivity to activators and inhibitors. 26) In our laboratory we have also purified and characterized these enzyme couples from chicken liver 27) and uromastix liver. 28) These differ in pyridoxal-5Ј-PO 4 inhibition, cGMP activation and some kinetic parameters. Both isoenzyme couples possess phosphotyrosine protein phosphatase activity. None of all enzymes (LM-ACP and HM-ACP) need metal ion for their activity.
Another class of acid phosphatases called Zn ϩϩ -dependent acid phosphatases, exist in two forms of different molecular weight. 29, 30) Zn ϩϩ -dependent acid phosphatases have also been isolated and characterized in the liver of different vertebrates. 31) Acid Phosphatases from the Liver of Labeo rohita: Purification and Characterization Aisha ). Zn ϩϩ -dependent acid p-nitrophenyl phosphatase activity was determined as described by Panara 29) and Fujimoto et al. 30) in acetate buffer pH 6.0 containing 5 mM ZnCl 2 and 10 mM NaF as inhibitors of HM-ACP in order to exclude the activity of high molecular weight enzyme.
One unit of enzyme was defined as the amount of the enzyme that produces 1 mmol of p-nitrophenol/min. Specific activity was expressed as enzyme units per mg of protein.
The effects of metal ions and some modifier substances on the enzyme activity were assayed as reported previously. 33) K m values were determined by measuring the p-nitrophenol produced after incubation for an appropriate period at different concentrations of substrate ranging from 0.1 to 1.6 mM in absence and presence of one or two fixed concentrations of inhibitors. Lineweaver-Burk plots were used to arrive at the values of K i .
The enzyme activity for a number of other phosphorylated compounds was determined under above conditions by estimation of inorganic phosphate (P i ) liberation. The liberated P i was determined by the method of Black and Jones. 34) K m and V max against various substrates were also determined by measuring the amount of P i released after enzymic reaction at different concentrations of substrate, which was calculated, from the standard curve using KH 2 PO 4 as standard.
Protein Determination Protein concentration was determined by the biuret method. For column effluents the relative protein concentration was estimated from the absorbance at 280 nm.
Electrophoresis SDS-PAGE was carried out by the method of Laemmli 35) under reduced and non-reduced conditions. The samples of acid phosphatase were prepared in sample buffer with and without reduction by b-mercaptoethanol and heated at 95°C for 5 min. The enzyme purity was checked in 12% acrylamide mini-slab gel. After the run, the proteins in the gel were stained with coomassie blue and the molecular weight estimates were made using standard size marker proteins as indicated in the respective figure. The correlation coefficient of plot of log of the molecular weight versus mobility of protein band was 0.993.
Gel Filtration and Apparent Molecular Weight Determination Fish liver extract was salted out with ammonium sulphate (30-60% saturation) and placed on Sephadex G-100 column (1.8ϫ85 cm), which was previously equilibrated and eluted with 0.01 M acetate buffer pH 5.0 containing 1 mM b-mercaptoethanol and 0.1 M NaCl at flow rate of 30 ml/h. Fractions (about 3.5 ml each) were collected for assays of protein and enzymes activities. Apparent molecular weights of HM-ACP and LM-ACP were estimated on a calibrated Sephadex G-100 column by a comparison of their elution volumes to those of standard proteins. The proteins used were bovine serum albumin, carbonic anhydrase, cytochrome c and aprotinin.
Purification of Enzymes Low Molecular Weight Acid Phosphatase (LM-ACP): All operations were carried out at 4°C. LM-ACP isoenzymes were purified according to Manao et al. 17) and Saeed. 27) Fish liver was homogenized in a Waring blender for 2-3 min with 30 s intervals and 3 volumes of 0.3 M acetate buffer pH 5.0 containing 1 mM ethylenediamine tetra acetate (EDTA), 0.1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM b-mercaptoethanol was added, followed by stirring for 1 h. The homogenate was centrifuged at 2740 g for 30 min. The supernatant was collected and pellet was discarded.
Solid ammonium sulphate was added to 30% saturation with gradual additions and constant stirring. After 0.5 h, the mixture was centrifuged at 2740 g for 30 min. The supernatant was brought to 60% saturation. The resulting mixture was stirred for 1-2 h and then centrifuged at 2740 g for 1 h. The precipitate, thus obtained was dissolved in reasonable amount of 0.01 M acetate buffer pH 5.1 containing 1 mM EDTA, 0.1 mM PMSF and 1 mM b-mercaptoethanol. The suspension was stirred for 1-2 h to extract the enzyme and again centrifuged at 10000 g for 1 h. The clear supernatant was dialyzed against 10-12 l of the same buffer over 24 h with 2-3 replacements of fresh buffer. The dialysate was centrifuged at 10000 g for 1 h and supernatant was applied to a SP-Sephadex C-50 column (6.5ϫ33 cm) previously equilibrated with dialyzing buffer and column was washed with the same buffer.
During column washing the HM-ACP, lysosomal in origin, was eluted. The fractions containing HM-ACP were pooled. This enzyme constituted about 5-10% of the total enzyme activity and was considered as starting material for further purification of HM-ACP. After washing the column with buffer, the bound LM-ACP (cytosolic in nature) was eluted by 0.3 M phosphate buffer pH 5.5 containing 1 mM EDTA, 0.1 mM PMSF and 1 mM b-mercaptoethanol (single step). The fractions containing reasonable activities were pooled together and the enzyme was precipitated by adding ammonium sulphate to 70% saturation. The precipitate was collected by centrifugation at 10000 g for 1 h and was dissolved in suitable volume of acetate buffer pH 5.0 containing 1 mM EDTA, 0.1 mM PMSF and 1 mM b-mercaptoethanol. The enzyme solution was then placed on Sephadex G-75 column (3.2ϫ85 cm) that was equilibrated and eluted with above buffer containing 0.1 M NaCl. The active fractions were pooled and concentrated by ultrafiltration using YM 3 membrane at 40-psi pressure.
The enzyme after gel filtration was dialysed overnight against 1 l of 0.1 M citrate buffer pH 6.5 containing 1 mM EDTA and 1 mM dithiothreitol (DTT). The sample was applied to a column (1.0ϫ5 cm) of p-aminobenzylphosphonic acid-agarose that was equilibrated with the same buffer. The column was washed extensively with buffer to eliminate unbound proteins. During the washing phase, a well-separated acid phosphatase peak1 (IF-1 type) was eluted. The pure enzyme (peak 2) corresponding to IF-2 was eluted by a 0-0.1 M sodium phosphate linear gradient in same buffer (total volume of 50 ml). The fractions containing enzymic activity were pooled separately and concentrated by ultrafiltration.
High Molecular Weight Acid Phosphatase (HM-ACP) and Zn ϩϩ -Dependent Acid Phosphatase: Unbound acid phosphatase from SP-Sephadex C-50 column corresponding to 0.3 kg fish liver was precipitated by adding ammonium sulphate to 70% saturation and collected by centrifugation at 10000 g for 1 h. The precipitate was dissolved in about 32 ml of 0.01 M acetate buffer pH 5.0 containing 1 mM EDTA and 1 mM b-mercaptoethanol and applied in three batches to Sephadex G-100 (2.4ϫ85 cm) equilibrated with 0.01 M acetate buffer pH 5.0, 1 mM EDTA, 1 mM b-mercaptoethanol and 0.1 M NaCl and eluted with the same buffer. Acid phosphatase and Zn ϩϩ -dependent acid p-nitrophenyl phosphatase were eluted together and their activity peaks were not superimposable. The most active fractions were pooled and dialyzed against 5 l of 0.01 M acetate buffer pH 6.0 containing 1 mM EDTA and 1 mM b-mercaptoethanol. The dialyzed sample was applied to CM-Cellulose column (2.5ϫ18 cm) that was equilibrated with dialyzing buffer. The column was washed with same buffer until the absorbance at 280 nm was less than 0.1. Both acid phosphatase and Zn ϩϩ -dependent acid p-nitorophenyl phosphatase activities were eluted with 0-0.5 M NaCl linear gradient in the same buffer (total volume of 400 ml). The active fractions were pooled, concentrated by ultrafiltration and used for further studies.
RESULTS
LM-ACP peak 2 (IF-2) was purified to homogeneity. The purification steps are presented in Table 1 and their elution profiles by various chromatographic techniques are shown in Figs. 1A-C. 0.2 mg of this isoenzyme was obtained. Ninehundred times purification was resulted with specific activity of 35 U/mg of total protein and recovery of 0.2%. The homogeneity of the enzyme was checked on 12% SDS-PAGE. Single band was detected and molecular weight of 18 kDa was obtained (Fig. 2) . Similarly, LM-ACP peak 1 (IF-1) was partially purified about 160 times with specific activity of 7 U/mg of protein. The recovery was very small. The major protein band on SDS-PAGE corresponding to 18 kDa was seen along with few faint protein bands of low and high molecular weights. The molecular weight of both isoenzymes obtained by SDS-PAGE and gel filtration (Fig. 3) showed the same value. Both isoenzymes were found to be monomeric proteins.
HM-ACP was partially purified from fish liver. The major purification steps are summarized in Table 2 . The elution profiles are shown in Figs. 4A and B. The purification of acid phosphatase was achieved 12.5 fold with recovery of 2.6%. The enzyme had a specific activity of 0.5 U/mg of protein.
The molecular weight of native enzyme obtained by gel filtration on calibrated Sephadex G-100 column was 100 kDa (Fig. 3) . This value is similar to molecular weight reported for prostatic acid phosphatases, 36, 37) acid phosphatase of Drosophila virilis 38) and that of rat 39) and human liver. 8) These enzymes are all glycoproteins composed of identical or very similar subunits of molecular weights 50 kDa. The molecular weight of Zn ϩϩ -dependent acid p-nitrophenyl phosphatase was estimated to be 110 kDa on gel filtration. When fish liver extract was applied on Sephadex G-100, this enzyme was eluted slight earlier than the 100 kDa acid phosphatase. On this basis, it can be concluded that liver also contains Zn ϩϩ -dependent acid phosphatase enzyme having a molecular weight of 110 kDa.
Kinetic Properties K m and V max against various substrates are reported in Table 3 . The K m values for peak 2 were two times higher than the K m values of peak 1 except for phosphotyrosine where the K m value for peak 2 was six times greater than that of peak 1.
V max values showed that FMN was as good substrate as pNPP and phenyl phosphate especially for peak 2. Taga and Van Etten 9) noted that FMN was hydrolysed with V max three times larger at pH 5.0 when compared to pNPP. High specificity for FMN in LM-ACP from Xenopus laevis 40) was also noted but the enzyme catalyses the hydrolysis of FMN at only 84% of the V max for pNPP. Our finding was also consistent with that of Xenopus laevis. Phosphotyrosin was also hydrolysed at the rate exhibiting 62% (peak 1) and 40% (peak 2) of V max for pNPP suggesting that the both isoenzymes may act as phosphotyrosine protein phosphatases (PTPases).
Substrate Specificity The relative hydrolytic rates on different phosphate esters are shown in Table 4 . LM-ACP isoenzymes (peak 1 and peak 2) hydrolysed pNPP, phenyl phosphate, phosphotyrosin, FMN and b-naphthyl phosphate at significant rates. Other substrates like a-and b-glycerophosphates, nucleoside phosphates, sugar phosphates etc. were not hydrolysed to any significant extent. Thus, both isoenzymes showed very restricted substrate specificity. This result is comparable to other low molecular weight acid phosphatase isoenzymes (PTPases) isolated from bovine liver, 32) bovine heart, 20) bovine brain, 21) human placenta 22) and rat liver. 17) In contrast HM-ACP showed broad specificity. The hydrolysis rates indicate that pNPP; phenyl phosphate, a-and b-naphthyl phosphates and b-glycerophosphate are good substrates. Other substrates, including phosphoamino acids, nucleoside phosphates and sugar phosphates were hydrolysed at reasonable rates. However, LM-ACP and HM-ACP can also be distinguished from one another by their rates of hydrolysis of a-naphthyl phosphate and b-glycerophosphate. HM-ACP hydrolysed these two substrates much more efficiently whereas LM-ACP hydrolyzes these at negligible rates. These results had good agreement with that obtained from rat liver, 39) rabbit kidney, 41) and human liver.
8)
Effect of Purine and Pyrimidine Bases Purine compounds are known to activate low molecular weight acid phosphatases. 16) Their effects on both isoenzymes are shown in Table 5 . Peak 2 isoenzyme was effectively activated by purine compunds. Guanosine was the most effective activator, followed by 6-ethylmercaptopurine and cGMP (2.5-3 fold activations). Guanosine was found better activator than guanine. On the other hand, peak 1 isoenzyme was not activated by purine compounds, but was inhibited by adenine or guanine. The effects of pyrimidine nucleotides on both isoenzyme activities were not observed. These results are more or less similar to those of rat liver enzymes. 16, 17, 27, 42) The increase in rate produced by purines is structure specific. At least substitution at 6 position of purine nucleus is essential for large rate enhancement. 43) 6-Ethylmercaptopurine is a good example in this case and caused high activation. Conversely, the phosphorylation of purine nucleoside leads to a progressive decrease in the extent of activation. AMP caused more activation than ADP whereas ATP resulted in a complete loss of activation (Table 5 ). The variation in the extent of activation by changes in the purine nucleus and by phosphorylation of the nucleoside suggest the existence of a specific site on the enzyme capable of binding the purine. This binding, occurring after the formation of the enzyme substrate complex results in an enhanced catalytic activity through a step that leads to the hydrolysis of covalent phosphoenzyme intermediate formed during the catalytic 
(B) Elution Profile from a Sephadex G-75
Column with a flow rate of 50 ml/h and 6 ml fractions were collected.
(C) Affinity Chromatography on p-Aminobenzyl Phosphonic AcidAgarose Column Flow rate, 15 ml/h; 1 ml fractions were collected. The arrow indicates the start of P i gradient. Ordinates: protein at 280 nm (᭹-᭹); acid phosphatase activity, U/ml (᭺---᭺).
Fig. 2. SDS-Polyacrylamide Gel Electrophoresis of LM-ACP Peak 1 and Peak 2 Isoenzymes
Lane 1: the standard proteins used from top to bottom were rabbit muscle phosphorylase (MWϭ97400), bovine serum albumin (66200), oval albumin (42699), bovine trypsin inhibitor (31000), soybean inhibitor (21500), egg white lysozyme (14400). Lane 2, 3 and 4: increasing amount of acid phosphatase peak 1 isoenzyme (4 , 10, 15 ml). Lane 5, 6 and 7: increasing amount of acid phosphatase peak 2 isoenzyme (2, 5, 10 ml).
Fig. 3. Estimation of Molecular Weight of Acid Phosphatases on Sephadex G-100 Column
Three to five milligrams of each protein in about 3-4 ml of buffer was applied onto the column and eluted as described in material and methods. Blue dextrin 2000 (average M r 2ϫ10 6 ) was used to measure void volume (V o ) of the column and elution volume (V e ) was determined from the absorbance at 280 nm for standard proteins (᭹) or by assay of enzyme activity at 405 nm for the samples. Bovine serum albumin (M r 66000), V e 98 ml; carbonic anhydrase (M r 29000), V e 126 ml; cytochrome c (M r 12400), V e 148 ml; aprotinin (M r 6500), V e 165 ml; LM-ACP (᭺), V e 134 ml; HM-ACP (᭺), V e 84 ml; Zn ϩϩ -dependent acid p-nitrophenyl phosphatase (ϫ), V e 80 ml; V o 72 ml. The incubation mixture consisted of 0.1 M acetate buffer pH 5.5, 4 mM substrate and reasonable amount of enzyme in a final volume of 0.5 ml. After incubation at 37°C for 6-10 min, the reaction was stopped by adding 0.2 ml of 10% TCA and liberated inorganic phosphate was estimated by Black and Jones method. The enzyme activity was expressed as a percent of that of the same enzyme towards p-nitrophenyl phosphate as 100.
Fig. 4. (A) Gel Chromatography on Sephadex G-100
Sample applied was 10 ml; fractions of 5 ml were collected at flow rate of 30 ml/h.
(B) Elution Profile from CM-Cellulose Column with Flow Rate of 40 ml/h and 5-6 ml Fractions were Collected
The arrows indicate the start of linear salt gradient and single step elution with 0.5 M NaCl in buffer respectively. Ordinates: Protein at 280 nm (᭹-᭹); acid phosphatase activity, U/ml (᭺---᭺); Zn-dependent acid p-nitrophenyl phosphatase, U/ml (ϫ---ϫ). Enzyme assays were carried out at 37°C and pH 5.5. The assay mixture contained 0.1 M acetate buffer, different concentrations of substrate ranging from 0.125 to 4 mM and the enzyme in a total volume of 0.5 ml. After incubation for 5 min, the reaction was quenched by addition of 0.2 ml of 10% TCA and the amount of inorganic phosphate released was determined by Black and Jones as described earlier. The activity was determined by incubating the enzyme in a final mixture volume of 1 ml containing 4 mM p-nitrophenyl phosphate, 0.1 M acetate buffer pH 5.5 in the presence and absence of the indicated additions. After 5 min incubation at 37°C, the reaction was stopped by the addition of 1 ml of 0.1 N KOH and the absorbance at 405 nm was measured. The control activity without purine/pyrimidine compound was taken as 100% and the other activities were expressed as a percentage of this activity. Values are the means of triplicate determination.
process. 44, 45) The difference in peak 1 and peak 2 isoenzymes sensitivities to cGMP and very different peak 2 isoenzyme activation by cGMP and cAMP, suggests that these isoenzymes are regulated differently in the cell as already discussed in rat liver AcP 1 and AcP 2 isoenzymes by Ramponi and Stefani. 45) Inhibition HM-ACP and LM-ACP differ not only in molecular weight and substrate specificity but also in sensitivity to inhibitors. HM-ACP was inhibited by fluorid and tartrate while LM-ACP isoenzymes were found to be insensitive to these known inhibitors as found in human liver enzymes. 8, 9) Formaldehyde and p-hydroxymercuri-benzoates, a reagent of sulfhydryl groups, showed inhibitions to LM-ACP as observed in enzymes of human placenta 46) and bovin brain 47) but slight inhibition was exhibited by HM-ACP enzyme. Both molecular forms were deactivated by Cu ϩϩ and Hg ϩϩ . Zn ϩϩ ions were also found as an inhibitor. EDTA and Triton X-100 had no effect on both molecular forms of acid phosphatases. These results are in accord with the finding of Panara. 29) Phosphate, vanadate and molybdate inhibited both enzymes but their inhibitory action was more pronounced in HM-ACP. Their competitive inhibition constants are presented in Table 6 . Peak 2 isoenzyme was more sensitive to these inhibitors than peak1 isoenzyme. The same results were found in rat liver. 16) Further peak 2 isoenzyme had high affinity for pyridoxal-5Ј-phosphate while peak1 isoenzyme had low affinity for it. Moreover, pyridoxamine-5Ј-phosphate inhibited both isoenzymes poorly and pyridoxal did not inhibit at all. This suggests that strong binding of pyridoxal-5Ј-phosphate to the active site is mediated through double interaction of two functional groups in the pyridoxal-5Ј-phosphate (PO 4 ester bond and -CHO group) with both phosphate ion binding site and primary amino group at or near the active site.
Effect of Modifiers The effect of acetone, ethanol, methanol, glycerol and ethylene glycol on the activity of acid phosphatases with pNPP as a substrate was determined. LM-ACP (but not HM-ACP) was stimulated in the presence of these modifiers. Acetone, methanol and glycerol at 10% concentration caused almost two-fold increase in the enzyme activity. Ethanol and ethylene glycol were shown to be least activators. Such activations had been reported in many other LM-ACP. 9, 16, 20, 43) The enzyme activation observed in the presence of glycerol or ethylene glycol was explained by the trans-phosphorylation reaction that competes with hydrolytic reaction of a phosphorylated enzyme intermediate 20, 28, 43) that reflects a phosphotransferase activity in LM-ACP only.
DISCUSSION
The data presented in this paper enabled us to extend our comparative studies on fish liver acid phosphatase by including Zn ϩϩ dependent acid phosphatase. From fish liver, we isolated two types of acid phosphatases belonging to different molecular weight classes, low molecular weight acid phosphatase (18 kDa) and high molecular weight acid phosphatase (100 kDa). Our results of low molecular acid phosphatase isoenzymes are consistent with those of rat liver, 16, 17) bovine brain, 21) chicken liver, 27) uromastix liver 28) and chicken heart 48) from which two forms of low molecular weight acid phosphatase isoenzymes have been isolated corresponding to IF1 and IF2 types. 26, 45) Two low molecular weight acid phosphatases from fish liver have been purified by following the protocol of Manao et al. 17) based on (NH 4 ) 2 SO 4 precipitation, SP-Sephadex C-50 chromatography, gel filtration on Sephadex G-75 and affinity chromatography on p-aminobenzyl phosphonic acid derivative of agarose column which was found to be critical for enzyme homogeneity as well as for resolution into two isoenzymes. This affinity gel was also successfully used for the purification of human erythrocytes low molecular weight acid phosphatase 49) and other low molecular weight acid phosphatases from bovine brain, 21) rat liver, 17) chicken liver 27) and chicken heart 48) that are said to be pure enzymes, homogeneous with molecular weight of 18 kDa.
A total of 0.4 mg of both isoenzymes was obtained from 1 kg with recovery of 0.2%. Since the amount of the low molecular weight acid phosphatases is 15-20% of the total acid phosphatase activity present in the extract, the actual yield became 1.0% and purification factor was as high as 900 fold which was more or less similar to that of other low molecular weight acid phosphatases isolated from rat liver, uromastix liver and chicken liver but less than that of enzymes which were purified 5000 and 5700 fold from bovine brain 21) and bovine heart 20) respectively. Peak 1 isoenzyme showed specific activity of 6.5 U/mg of protein while peak 2 had specific activity of 35 U/mg which had smaller values than that of isoenzymes Apase A and Apase B 16) or AcP1 and AcP2 17) from rat liver, PTPase A and PTPase B from chicken liver and peak I and peak II from uromastix liver. The enzymes were found homogenous as tested by SDS-PAGE and had molecular weight of 18 kDa. The electrophoretic mobility was the same for both reduced and nonreduced enzymes indicating that that these isoenzymes were monomeric protein as reported in other small acid phosphatases. Small acid phosphatases having apparent molecular weights of 14-23 kDa have been purified from human liver, 9) bovine liver 3, 15) and heart. 19) Two isoenzymes differ in kinetic parameters, sensitivity to inhibitors and purine activation. As observed (Table 6 ) vanadate and molybdate were more potential inhibitors than phosphate. These results are consistent with related observations 19, 22) that low molecular weight acid phosphatases possessing phosphotyrosin protein phosphatase activity were strongly inhibited by orthovanadate or molybdate in the micromolar concentration range. 
